It was investigated why the fMLP-stimulated respiratory burst in human neutrophils was enhanced by N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide (W-7), a considered calmodulin antagonist, at lower concentration but inhibited at higher concentration. Flow cytometric analysis on binding of the receptor to the fluorescence-labeled formyl peptide and the polymerization of actin in cells showed that the drug inhibited actin polymerization and promoted expression of the fMLP receptors on cell membrane at lower concentration, while promoted the actin polymerization and depressed the receptor expression at higher concentration. As intracellular Ca 2 ([Ca 2 ] i ) is elevated, polymerization of actin decreases and the receptor expression increases. At normal physiological and two moderately high intracellular calcium levels, the dual effect of W-7 became less significant as [Ca 2 ] i was elevated indicating that the dual effect is calcium-dependent. Under two extreme conditions that the intracellular calcium was either depleted or highly elevated, the dual effect disappeared but only an inhibitory effect on actin polymerization was observed. Colchicine and taxol study showed that disruption or stabilization of microtubules had no effect on formyl peptide receptor expression. The results suggest that W-7 primes the fMLP stimulation by direct action on actin leading to breakdown of microfilaments and more expression of formyl peptide receptors, and inhibits the stimulation by indirect action on actin through inactivation of some Ca 2 -dependent proteins resulting in assembly of actin into microfilaments. Which action is favorable depends on the drug concentration. ß
Introduction
The main function of neutrophils is to kill invading bacteria and the killing largely depends on the agonist induced respiratory burst [1] . The agonist induced signal transduction involves its binding to receptor on cell surface ¢rstly, and then G proteinmediated activation of a phosphatidylinositol-speci¢c phospholipase C, which results in the generation of two second messengers: inositol 1,4,5-trisphosphate (IP 3 ) and diacylglycerol (DAG). IP 3 induces a transient rise of intracellular free Ca 2 while DAG remains associated with the membrane and participates in the activation of protein kinase C (PKC), which results in the assembly and activation of NADPH oxidase leading to the respiratory burst [2] .
In the year 1978, Hidaka and his co-workers found that W-7 could inhibit the interaction between actin and myosin [3] . Later he found that the inhibitory e¡ect of W-7 was through its binding to calmodulin [4] . From that time, W-7 became a useful tool for studying the role of calmodulin in many cell functions such as cell proliferation and cell cycle. It was also widely used to study the function of calmodulin and many calmodulin-dependent proteins in neutrophil [5^8] . In earlier reports, W-7 was shown to depress the fMLP-stimulated respiratory burst and the depression was attributed to its inhibitory e¡ect on PKC translocation and activation [9^11] . However, the study by Perianin and his co-workers showed that W-7 could inhibit the fMLP-stimulated respiratory burst only at high concentrations ( s 20 WM), while low concentrations of W-7 (5^10 WM) actually enhanced the respiratory burst [12] . Meanwhile, they found that either at low or high concentration only an inhibitory e¡ect of W-7 was observed if the respiratory burst was stimulated by PMA, a direct activator of PKC, or A23187, a calcium ionophore. These ¢ndings suggested that the priming e¡ect of W-7 at low concentration may occur at the steps of signal transduction upstream from PKC activation or even mobilization of intracellular calcium. Although the authors mentioned that the major modi¢cations that led to the priming might take place between receptor stimulation and activation of phospholipase C which generate two second messengers [12] , the mechanism of the priming e¡ect of W-7 at low concentration on the neutrophil respiratory burst is still not clear. Logically, the change from priming to inhibition only due to the increase of W-7 concentration implies that there might be a dual action underlying the e¡ect of the drug on the fMLP-stimulated respiratory burst. In addition, the possible role of intracellular calcium and calmodulin should be taken into account, since W-7 has been considered a calmodulin antagonist. The present investigation was designed to clarify the mechanisms behind the peculiar concentration-dependent e¡ect of W-7.
Materials and methods

Reagents
W-7, fMLP, thapsigargin (TG), cytochalasin B, lysopalmitoylphosphatidylcholine, Histopaque 1077 and dextran T-500 were from Sigma. Formyl-NleLeu-Phe-Nle-Tyr-Lys Bodipy FL, Bodipy FL phallacidin and BAPTA-AM were from Molecular Probes. 1,2-Dioctanoyl-sn-glycerol (DiC8) was from Calbiochem. Colchicine and taxol were from the Institute of Pharmacology, Chinese Academy of Medical Sciences. Other chemicals were all of analytical grade. Stock solutions of W-7 (10 mM), fMLP (10 mM), DiC8 (1 mM) were prepared in dimethyl sulfoxide (DMSO) and further diluted with Hanks' balanced salt solution (HBSS). The ¢nal concentration of DMSO never exceed 0.1%.
Cell preparation
Human neutrophils were isolated from heparinized donor blood according to the following procedure: blood was mixed with 4.5% dextran in 0.9% NaCl solution for 45 min and the leukocyte-rich plasma was layered on top of Histopaque-1077. The neutrophils were obtained as pellet after centrifugation at 500Ug for 15 min. Contaminating erythrocytes were removed by hypotonic lysis. The cells were ¢nally washed twice with saline and suspended in HBSS.
Measurement of respiratory burst in neutrophils
The respiratory burst of neutrophils was monitored as concomitant chemiluminescence resulted from the reaction of luminol with the superoxide anion (O 3 2 ) and H 2 O 2 generated by cells [13] . Each of 2 ml neutrophil suspension (10 6 cells/ml) containing 1 WM luminol was ¢lled in two identical quartz cuvettes placed in the rotatable sample holder of a laboratory-made photon counter and measured at 37³C. W-7 was incubated with cell suspension 5 min before stimulation and the cell suspension containing the same amount of DMSO was used as control. The respiratory burst of the neutrophils under studied condition and the respiratory burst of the cells used as control were recorded simultaneously. Thus, the errors caused by the time-dependent variation in cell viability, kinetics and intensity of respiratory burst were minimized to a great extent.
Measurement of the formyl peptide binding to its receptors
Flow cytometry was used to measure the ligand binding according to the method described by Prossnitz et al. [14] . In brief, cells (10 6 /ml, 0.5 ml) were incubated with fNLPNTL Bodipy FL (100 nM) on ice for at least 15 min. Then, 10 000 cells per sample were analyzed on Becton Dickson Flow cytometer (FACS 420).
Measurement of F-actin content
The £ow cytometric measurement of F-actin was referred to [15] . In brief, cells (10 6 /ml, 1 ml) were incubated with or without W-7 and then ¢xed for 15 min in 3.7% formaldehyde. The cells were then permeabilized with lysopalmitoylphosphatidylcholine (50 Wg/ml) to increase the membrane permeability and simultaneously stained with 5 units of Bodipy FL phallacidin for 15 min at room temperature. Ten thousand cells per sample were analyzed.
Results
E¡ects of W-7 on the fMLP-and DAG-stimulated respiratory burst
The respiratory burst stimulated by fMLP in neutrophils treated with W-7 of concentration from 5 to 25 WM for 10 min was measured. The kinetic patterns of three typical respiratory bursts are shown in Fig. 1 . It clearly shows that W-7 at lower concentration (5 WM) signi¢cantly enhances the respiratory burst, but inhibits the burst at higher concentration (20 WM) . The maximal rates of the respiratory burst in the neutrophils treated with various concentrations of W-7 relative to the rate of the burst in the untreated cells are plotted in Fig. 2 . It can be seen that below approx. 12 WM the respiratory burst was enhanced by W-7, but was inhibited when W-7 concentration exceeded this value.
To know whether the priming e¡ect of low concentration W-7 on fMLP-stimulated respiratory burst is due to its action to modify the signaling events occurring at a step downstream from calcium mobilization, a synthetic DAG, DiC8 [16] , was used to stimulate the respiratory burst in the neutrophils whose intracellular free Ca 2 had been substantially raised by pretreatment with 500 nM TG for 10 min [17] . The DiC8-stimulated respiratory bursts in those cells were measured in the presence of various concentrations of W-7. The results are also plotted in Fig. 2 . It shows clearly that the respiratory burst stimulated by the synthetic DAG was inhibited by W-7 either at lower or higher concentration. In contrast with fMLP stimulation, no priming e¡ect of W-7 was observed. However, in both cases some similarity in the concentration dependence of the e¡ect of W-7 may be noticed. When concentration of W-7 exceeds approx. 12 WM, the priming e¡ect begins to disappear and the inhibitory e¡ect becomes dominant for fMLP-stimulated respiratory burst, while the inhibitory e¡ect becomes more obvious for DAG stimulation.
E¡ect of W-7 on the binding of fMLP to its membrane receptor
If the priming e¡ect of W-7 occurred at a step upstream from calcium mobilization, a possible regulation of W-7 on the binding of formyl peptide to its membrane receptor should be examined ¢rst. The capacity of fMLP receptor on cell membrane to bind £uorescence-labeled ligand, formyl-Nle-Leu-Phe-Nle- Tyr-Lys Bodipy FL, was analyzed by £ow cytometry in the cells treated with or without W-7. The cell number distribution against £uorescence intensity, namely the numbers of the occupied fMLP receptor, in the cell populations treated with 5 WM and 20 WM W-7 as well as in untreated neutrophils are measured and shown in Fig. 3A . It turns out that the distribution in the cells treated with the lower concentration of W-7 was shifted to the right, while the distribution in the cells treated with the higher concentration of W-7 was moved to the left. Obviously, right shift means that more fMLP receptors were available on cell surface, while left shift re£ects that less agonists were bound to the receptors. The £ow cytometric analysis evidently indicates that at least as one step in signaling events W-7 a¡ects the fMLP-stimulated respiratory burst by regulating the binding of the formyl peptide to its membrane receptors.
To know whether the capacity or ability of the agonist to bind to its receptor, or in other words the expression of the receptors, is related to cytoskeleton, cytochalasin B, a blocker of the assembly of micro¢laments and reported enhancer of the fMLPstimulated respiratory burst [18] was also used to see its e¡ect on the expression of the membrane receptors. Fig. 3B shows the cell number distributions in the neutrophils untreated and treated with 1 WM cytochalasin B (CB) respectively. A right shift of the distribution was observed in CB-treated cells, suggesting a correlation between the number of the fMLP receptors capable of binding formyl peptide and the structure of cytoskeleton.
E¡ect of W-7 on the actin polymerization in neutrophil
To check whether W-7 has a similar e¡ect as CB 2 . The e¡ect of various concentrations of W-7 on the respiratory bursts in neutrophils stimulated by fMLP and in the cells, which were pretreated with 500 nM thapsigargin for 10 min, stimulated by DiC8. The maximal rates of the respiratory bursts in the cells treated with di¡erent concentrations of W-7 were plotted as the values relative to that of the burst in the control neutrophils. Neutrophils (10 6 /ml) were incubated at 37³C in the absence (control) or presence of W-7 for 10 min before 100 nM fMLP or DiC8 stimulation. Each datum is the mean of three independent measurements, and bars stand for S.D. on cytoskeleton, the £uorescence probe Bodipy FL phallacidin, whose £uorescence increases tremendously by binding to F-actin, was used to detect the e¡ect of W-7 on the polymerization of actin in micro¢lament assembly. The cell number distributions against £uorescence intensity in the Bodipy FL phallacidin-loaded neutrophils, which had been incubated with W-7 at two extreme concentrations, were analyzed by £ow cytometry. Meanwhile, the untreated cells were also analyzed as control. As shown in Fig. 4A , a left shift of the distribution relative to the control was found in the cells treated with the lower concentration (5 WM) of W-7, but a right shift was observed in the cells incubated with the higher concentration (20 WM) of W-7. The results indicate that W-7 inhibits the polymerization of actin at lower concentration, but promotes assembly of actin into micro¢laments at higher concentration.
To further con¢rm the correlation between the enhancement of the expression of the fMLP receptors on cell surface and the depolymerization of actin, the e¡ect of CB on polymerization of actin in neutrophils was also measured using the same technique. The cell number distribution against the £uorescence intensity of Bodipy FL phallacidin in CB-treated and untreated neutrophils is shown in Fig. 4B . It demonstrates that cytochalasin B, which can increase the formyl peptide binding to its receptor on membrane, also promotes the depolymerization of actin from micro¢lament.
The e¡ect of microtubule disruptor (colchicine)
and stabilizer (taxol) on the formyl peptide receptor expression and actin polymerization
To test whether microtubules also take part in formyl peptide receptor regulation, colchicine and taxol, which could disrupt or stabilize microtubules respectively, were used to test the role of microtubules in regulating the receptor expression and actin polymerization. The receptor binding ability and actin polymerization in the cells treated with cytochalasin (1 WM), colchicine (10 WM) and taxol (10 WM) were determined. The results, which are given in Table 1 , clearly showed that cytochalasin obviously enhances the receptor binding (increasing it about 1-fold) but neither colchicine nor taxol had any e¡ect on it. For the e¡ect of these agents on actin polymerization, the results showed that cytochalasin strongly depolymerize the micro¢lament while the other two agents had no e¡ects on actin polymerization.
The intracellular calcium dependence in W-7 regulated polymerization of actin
Since the equilibrium between unassembled actin and the assembled actin is regulated by some calmodulin-dependent proteins, it is natural to consider the possible role of intracellular calcium ([Ca 2 ] i ) in modifying the e¡ect of W-7 on the polymerization of actin in cytoskeleton. In one case, BAPTA, the chelator for intracellular free Ca 2 , and EGTA, the chelator for extracellular Ca 2 , were used in combination to deplete intracellular calcium in neutrophils. In the other case, thapsigargin, a potent endomembrane Ca 2 -ATPase inhibitor, was used at di¡erent concentrations to elevate the intracellular free Ca 2 to various substantial levels [19] .
The e¡ects of W-7 on the polymerization of actin were measured by £ow cytometry in the [Ca 2 ] i -free Table 1 The e¡ects of cytochalasin, colchicine and taxol on formyl peptide binding to its receptors and actin polymerization 
Discussion
The purpose of this study is to explore the mechanisms by which the e¡ect of W-7 on the fMLPstimulated respiratory burst in human neutrophils is changed from priming at lower concentration to inhibition at higher concentration. In order to achieve this goal, we investigated at which steps the signaling events could be modi¢ed by W-7 to lead to priming or potentiating of the fMLP-stimulated cell response. To mimic the fMLP stimulation but restrict the signaling events at the step downstream from the intracellular calcium mobilization, TG was used to mobilize the cytosol-free Ca 2 and the permeable synthetic DAG, DiC8, was used to activate protein kinase C. As also reported by Perianin et al. in their experiments using PMA or A23187 to stimulate respiratory burst [12] , only an inhibitory e¡ect was observed whatever the concentration of W-7 used to treat neutrophils (see Fig. 1 ). The result suggests that the priming e¡ect of W-7 is unlikely due to its action on the signaling events occurring downstream from the calcium mobilization in cytoplasm. It may also con¢rm the previous report that W-7 depresses the respiratory burst by direct or indirect (through binding to calmodulin) inhibition of PKC translocation and activation [9] .
Upstream from the intracellular calcium mobilization, the binding of the agonist to its receptor on the cell surface may be the most likely step in the signal transduction pathway at which the priming of respiratory burst could occur. The results on the binding of the £uorescence-labeled ligand to its membrane receptor (see Fig. 3 ) revealed that treatment of the cells with the lower concentration of W-7 enhanced expression of the receptors on the cell surface, while treatment with the higher concentration of W-7 resulted in less expression of the receptors. Since more receptors bound by agonist induce more intensive Table 3 The regulation of intracellular free calcium on the e¡ects of W-7 on the expression of formyl peptide receptors on the cell membrane of neutrophils treated with BAPTA or di¡erent concentrations of TG respiratory burst [20] , it may be concluded that at least as one mechanism the enhancement of the fMLP-stimulated respiratory burst in neutrophils by the lower concentration of W-7 is the consequence of more expression of fMLP receptors on the cell membrane, and the inhibition of the burst by the higher concentration of W-7 is due to less expression of the receptors besides inhibition of protein kinase C. However, how does W-7 make such a dual e¡ect? Experiments were carried out to elucidate the dual e¡ect of W-7 in two aspects: (1) How is cytoskeleton involved in the regulation of the receptor expression and how does the regulation depend on the concentration of W-7? (2) How does the intracellular calcium level regulate the receptor expression and the behavior of W-7 at di¡erent concentrations? Some previous studies, using cytochalasin B or its derivative, dihydrocytochalasin B, as the cytoskeleton-perturbing agent, have established that cytoskeleton regulates the expression of fMLP receptor on the cell surface through two mechanisms in human granulocytes [18, 21] . First, after receptor occupancy the formyl peptides-receptor complex may be converted into a slowly dissociating or high a¤nity form that can be endocytosed into cytoplasm, which results in decrease of receptor expression on the cell membrane. Second, micro¢lament controls the receptor expression by regulating the tra¤c of latent or internal receptors to the cell surface. The studies with cytochalasin B or its derivative, dihydrocytochalasin, revealed that both mechanisms are related to the interaction between receptor and cytoskeleton. Loosening of the interaction by inhibiting micro¢lament assembly or promoting the breakdown of existing micro¢laments results in less endocytosis of the formyl peptide-bound receptors and favoring the £ow of the internal receptors from the latent pool to the cell surface. Tightening of the interaction results in just the opposite e¡ect. Based on the above knowledge, the e¡ect of W-7 on the cytoskeleton, namely the actin polymerization, in neutrophils was investigated in comparison with the e¡ect of cytochalasin B. It was found that lower concentration W-7 inhibited the actin polymerization and enhanced the receptor expression, but higher concentration W-7 promoted the actin polymerization and depressed the receptor expression (see Fig. 3AFig. 4A ). Meanwhile, the comparative measurements showed that cytochalasin B inhibited actin polymerization (see Fig. 4B ) and increased the capacity of the receptors to bind formyl peptide (see Fig. 3B ). The comparison indicates that the priming e¡ect of W-7 at low concentration on the fMLP-stimulated respiratory burst may be realized through a similar mechanism as that of cytochalasin B. In order to know whether microtubule has any relevance to the fMLP receptor expression, colchicine, a disruptor of microtubules, and taxol, a microtubule stabilizer, were used to see their e¡ect on receptor expression. The results obtained (see Table 1 ) showed that both colchicine and taxol a¡ected neither the binding of the formyl peptide to receptors nor the actin polymerization, which further proves that micro¢laments but not microtubules control the formyl peptide receptor expression and that the priming e¡ect of W-7 is through its action on micro¢laments.
Actin molecules exist inside cells both in an unassembled pool and in assembled micro¢laments; both forms of the actin set up an equilibrium: actin molecules1microfilaments
More than 60 known proteins bind to actin and adjust the actin-micro¢lament equilibrium in the direction of unassembled subunits. The activities of actinbinding proteins are readily reversible, allowing cells to push the actin-micro¢lament equilibrium quickly in either direction. At least in one mechanism, an actin-binding protein links to unassembled actin molecules and blocks their polymerization into micro¢la-ments. Many actin-binding proteins are inactive at a low Ca 2 concentration and become active only when intracellular Ca 2 is elevated. Tables 2 and 3 clearly showed that (1) in the cells without treatment of W-7, the actin polymerization decreased and the receptor expression increased as intracellular free calcium increased (see the second columns in both tables). This indicates not only a close correlation between depolymerization of actins and increasing expression of the receptors, but also the role of intracellular calcium in adjusting the actin-micro¢lament equilibrium in the direction of unassembled subunits. (2) In the cells treated with lower concentration W-7 (5 WM), less polymerization of actins and more expression of the receptor were always observed at various intracellular calcium levels in comparison with controls. It should be noticed that when intracellular free calcium is depleted, most of the Ca 2 -dependent actinbinding proteins are inactivated while W-7 still depolymerizes actins in a dose-dependent manner. This implies that W-7 may break micro¢laments down by direct action on them. (3) Except for the two extreme cases where intracellular calcium was either depleted or highly elevated by 500 nM TG, at normal or moderately elevated [Ca 2 ] i , in contrast to the lower concentration the higher concentration W-7 promoted the actin polymerization but the dual e¡ect became less obvious as [Ca 2 ] i increased. This indicates that there might be another action of W-7 on some calcium-dependent proteins. The action adjusts the actin-micro¢lament equilibrium to the direction of assembling micro¢lament. The second action of W-7 is indirect and becomes dominant at a higher concentration. It should be expected that when those proteins are fully activated by the highest dose of TG or fully inactivated in calcium-depleted cells, no indirect action but only a direct action of W-7 should be observed. Such expected results were actually observed under the two extreme intracellular calcium conditions where higher concentration W-7 resulted in even less actin polymerization and even more receptor expression. Although the calcium-dependent proteins responsible for the indirect action of W-7 have not been identi¢ed so far, calmodulin may be a most likely candidate since it has been considered as the main target of W-7. Although W-7 is not absolutely speci¢c because of some experimental evidence that it could strongly inhibit PKC [9^11,23] , to some extent inhibit cAMP-dependent protein kinase, casein kinases I and II, and in rod outer segment activate PLC [24, 25] , most of the literature reported that the inhibitory e¡ects of W-7 on the activity of many calmodulin-dependent proteins, such as myosin light chain kinase (MLCK), cyclic nucleotide phosphodiesterase, Ca 2 , Mg 2 -ATPase, phospholipase C, phospholipase D and phospholipase A 2 , were through its binding to calmodulin [26^30] . So it might be reasonable to consider calmodulin a likely calcium-dependent protein responsible for the indirect action of W-7 on actin polymerization. In summary, the present study clearly demonstrates that the ternary complex of formyl peptide, receptor and cytoskeleton plays an important role in the stimulation of respiratory burst. Depolymerization of actin results in more expression of formyl peptide receptors on the cell membrane. Low concentration W-7 enhances the fMLP-stimulated respiratory burst by decreasing the actin polymerization and increasing the receptor expression, while high concentration W-7 inhibits the respiratory burst both by depressing formyl peptide receptor expression and inhibiting PKC activity. This dual e¡ect of W-7 is due to a direct action on actins leading to breakdown of micro¢laments, and an indirect action on actins through inactivation of some Ca 2 -dependent proteins resulting in the assembly of actins into micro¢laments. Which action is favorable depends on the drug concentration.
